Colorectal cancer (CRC) remains the leading cause of cancer-related death in the world. Aspirin (ASA) and curcumin (CUR) are widely investigated chemopreventive candidates for CRC. However, the precise mechanisms of their action and their combinatorial effects have not been evaluated. The purpose of the present study was to determine the effect of ASA, CUR, and their combination in azoxymethane/dextran sulfate sodium (AOM/DSS)-induced colitis-accelerated colorectal cancer (CAC). We also aimed to characterize the differential gene expression profiles in AOM/DSS-induced tumors as well as in tumors modulated by ASA and CUR using RNA-seq. Diets supplemented with 0.02% ASA, 2% CUR or 0.01% ASA + 1% CUR were given to mice from 1 week prior to the AOM injection until the experiment was terminated 22 weeks after AOM initiation. Our results showed that CUR had a superior inhibitory effect in colon tumorigenesis compared to that of ASA. The combination of ASA and CUR at a lower dose exhibited similar efficacy to that of a higher dose of CUR at 2%. RNA isolated from colonic tissue from the control group and from tumor samples from the experimental groups was subjected to RNA-seq. Transcriptomic analysis suggested that the low-dose combination of ASA and CUR modulated larger gene sets than the single treatment. These differentially expressed genes were situated in several canonical pathways important in the inflammatory network and liver metastasis in CAC. We identified a small subset of genes as potential molecular targets involved in the preventive action of the combination of ASA and CUR. Taken together, the current results provide the first evidence in support of the chemopreventive effect of a low-dose combination of ASA and CUR in CAC. Moreover, the transcriptional profile obtained in our study may provide a framework for identifying the mechanisms underlying the carcinogenesis process from normal colonic tissue to tumor development as well as the cancer inhibitory effects and potential molecular targets of ASA and CUR.
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Introduction
Colorectal cancer (CRC) is the third most common malignancy and the fourth leading cause of cancer-related deaths worldwide, which is estimated to account for more than 49, 190 deaths in 2016 in the United States [1] . Chronic inflammation is one of the hallmarks of cancer [2] and has been linked to the pathogenesis of tumors in multiple human cancers, including CRC [3] . Colitisaccelerated colon cancer (CAC) is a subtype of CRC with a high mortality that is closely associated with inflammatory bowel disease (IBD) [4] . As one of the top high-risk conditions for CRC, epidemiological studies show that patients with long-standing IBD have a significantly higher risk of developing CRC [5] . The azoxymethane (AOM)-initiated and dextran sulfate sodium (DSS)-promoted mouse model has been widely used to simulate http://dx.doi.org/10.1016/j.bcp.2017.02.021 0006-2952/Ó 2017 Elsevier Inc. All rights reserved. the pathogenesis observed in patients with CAC [6] . Specifically, the multistep carcinogenesis process is induced by an AOM injection [an initiation factor that induces aberrant crypt foci (ACF) by causing DNA damage] and DSS in the drinking water (a promotion factor that induces colitis by imposing inflammatory damage in the epithelial lining of the colon) in rodents.
Although the efficacy of CRC treatment has improved in recent years, the side effects of these treatment strategies, such as surgery, radiation therapy, chemotherapy, and targeted therapy, cannot be neglected. CRC is highly associated with environmental and lifestyle factors and usually undergoes a relatively long precancerous stage that provides individuals with opportunities to interfere before adenomas progress into malignancies. Hence, chemoprevention, the intake of agents with a relatively low toxicity to prevent the progression of cancer at a premalignant stage, has gained increasing attention in the management of CRC as a costeffective alternative to CRC treatment [7] . Among proposed chemopreventive interventions, aspirin (ASA, acetylsalicylic acid) is perhaps the agent with the most extensive evidence that longterm and regular use lowers the risk of different types of CRC [8] , including sporadic CRC [9] , hereditary CRC [10] , and CAC [11] . In addition, recent studies from our laboratory demonstrated that dietary administration of ASA (0.2% w/w, equivalent to a dose of approximately 110 mg/day in humans) for 20 weeks effectively prevented carcinogenesis in AOM/DSS-induced CF-1 mice [12] . Curcumin (CUR), the main component of turmeric (also called curry powder), is another widely studied chemopreventive candidate for CRC with a promising effect in suppressing inflammation and colon cancer cell growth [13, 14] with no reported adverse effects. In a phase IIa clinical trial, CUR at a dose of 4 g/day for 30 days significantly reduced ACF formation [15] . Although CUR has been shown to effectively inhibit tumor growth in AOMinduced rats [16, 17] , its effect in suppressing AOM/DSS-induced CAC has not yet been determined.
The potential side effects of gastrointestinal bleeding from chronic use of high-dose ASA have limited its use in the general population for the prevention of CRC. With regard to CUR, although up to 12 g/day was well-tolerated in humans [18] , chronic administration of CUR at a very high dose may lead to poor patient compliance. Co-administration of two or more chemopreventive agents with different molecular mechanisms at a lower dosage may act as a promising strategy to maximize efficacies and minimize toxicities. For example, a synergistic effect has been observed in the combination of green tea polyphenols and atorvastatin in the inhibition of lung tumorigenesis [19] , atorvastatin and celecoxib in the suppression of prostate tumors [20] , and metformin and ASA in the inhibition of pancreatic cancer [21] . In addition, data from two different randomized clinical trials suggested a synergistic interaction between calcium supplementation and the use of ASA in the reduction of the risk of advanced colorectal adenomas; however, the combination of calcium and ASA failed to exert a synergistic action in the suppression of ACF formation in AOM-induced rodent models [22] . Regarding the combinational action of ASA and CUR, Thakkar et al. reported a synergistic effect of ASA, CUR, and sulforaphane in the reduction of pancreatic cancer cell viability [23] . Furthermore, Perkins et al. found that ASA and CUR exerted an optimal adenoma-retarding effect at different stages in Apc min/+ mice, although synergism was not achieved when CUR and ASA were administered sequentially [24] . In the present study, we aimed to investigate the combinatorial effect of concomitant administration of ASA and CUR at half the dose of their single treatment in the prevention of AOM/DSS-induced CAC. Previous studies have indicated that both ASA and CUR are multi-target chemopreventive agents that impact various signaling pathways and molecules involved in inflammation, tumor initiation, and tumor progression [8, 25] . However, an overview of the genes and signaling pathways associated with the chemopreventive actions of ASA and CUR in AOM/DSS-induced CAC remains relatively understudied. In particular, the molecular targets influenced by the combination of these two agents have not yet been investigated. RNA sequencing (RNA-seq) is a recently developed deep-sequencing approach in transcriptome profiling that offers a relatively unbiased and more precise measurement of the levels of transcripts and their isoforms [26] . Because RNA-seq technology provides several key advantages over hybridizationbased microarrays for transcriptome profiling, it is rapidly becoming an attractive tool to identify the differentially expressed genes in multiple experimental conditions. To depict a comprehensive picture of the molecular mechanisms underlying the chemopreventive effect of ASA and CUR, especially their combination at a lower dose, the present study utilized RNA-seq to analyze the differential gene expression and pathways in tumors induced by AOM/DSS with or without treatment with ASA and CUR, alone or in combination, in a rodent CAC model.
Materials and methods

Animals and diets
Animal experiments were conducted under an animal protocol (01-016) approved by the Institutional Animal Care and Use Committee (IACUC) of Rutgers University. C57BL/6 mice were obtained from Jackson Laboratory (Bar Harbor, ME, USA) at the age of 4 weeks. Upon arrival, the animals were maintained at a controlled temperature (20-22°C), controlled relative humidity (45-55%), and 12-h light and 12-h dark cycles at the Rutgers Animal Care Facility. After 1 week of acclimatization, mice at the age of 5 weeks were randomly assigned to 5 experimental groups (n = 14-15) and fed with AIN-93 M rodent diet (Research Diet Inc. New Brunswick, NJ, USA) or special diet (Research Diet Inc.) supplemented with ASA, CUR, or their combination ad libitum. ASA was purchased from Sigma-Aldrich (St Louis, MO, USA) and blended into AIN-93 M rodent diet at a final concentration of 0.02% as previously described [12] . Curcumin C3 Complex Ò was a kind gift from Sabinsa Corporation (East Windsor, NJ, USA) and mixed into the AIN-93 M rodent diet at a final concentration of 2%. The diet containing the combination of ASA and CUR was prepared by simultaneously mixing ASA and CUR into AIN-93 M diet at a final concentration of 0.01% and 1%, respectively.
Experimental procedure
The AOM/DSS model was carried out as previously described [12, 27] and is summarized in Fig. 1 . Briefly, 6-week-old mice were injected with AOM (Sigma-Aldrich) subcutaneously in the lower flank at a dose of 10 mg/kg body weight. The mice in the control group instead received an injection of saline (Thermo Fisher Scientific, Waltham, MA, USA). One week later, the drinking water for the mice, other than the control group, was replaced with DSS (MP Biomedicals, Solon, OH, USA) at a concentration of 1.2% (w/ v) for 7 days. The disease activity index (DAI) was calculated daily during the administration of DSS to monitor the symptoms of acute colitis using the scoring system published previously [12] . The body weight and the consumption of food and fluid were recorded weekly during the entire experiment. Twenty-two weeks after the AOM injection, all mice were sacrificed by CO 2 asphyxiation. Colons were removed, cleaned, and opened longitudinally followed by careful examination of the tumors. The left portion of the colon was saved for histological analysis. After removing the proximal end and palpable tumors, the remaining right portion of the colon was snap frozen and stored at À80°C for molecular assays.
Histopathological analysis
The histopathological analysis was performed as described previously [12] . The left portion of the colon was fixed in 10% buffered formalin (Thermo Fisher Scientific) for 24 h, serially dehydrated, embedded in paraffin (Thermo Fisher Scientific), and stored at 4°C. The tissue blocks were then serially sectioned at 4 mm and mounted on glass slides. Histopathological abnormalities in the colon were examined by hematoxylin and eosin staining and evaluated by the histopathologist, Dr. Guangxun Li.
RNA extraction, library preparation, and next-generation sequencing
Total RNA was isolated from snap-frozen colonic tissue from the control group and tumor samples from the experimental groups (model, ASA, CUR, and ASA + CUR) using the AllPrep DNA/RNA Mini Kit (Qiagen, Valencia, CA, USA). The quality and quantity of the extracted RNA samples were determined with an Agilent 2100 Bioanalyzer and NanoDrop, respectively. A total of 10 RNA samples [2 samples per group x 5 groups (control, model, ASA, CUR, and ASA + CUR)] were sent to RUCDR for library preparation and sequencing. Briefly, the library was constructed using the Illumina TruSeq RNA preparation kit (Illumina, San Diego, CA, USA) according to the manufacturer's manual. Samples were sequenced on the Illumina NextSeq 500 instrument with 50-75 bp paired-end reads, to a minimum depth of 30 million reads per sample.
Computational analyses of RNA-seq data
The reads were aligned to the mouse genome (mm10) with TopHat v2.0.9 [28] . Reference gene annotations from UCSC were supplied to TopHat (-G genes.gtf); otherwise, default parameters were used. The Cufflinks v2.2.1 [29] program cuffdiff was used to calculate expression levels, using the UCSC gene annotations and default parameters.
Ingenuity pathway analysis (IPA)
Isoforms that exhibited a log2 fold change greater than 1 and a false detection rate (FDR) less than 0.05 were subjected to Ingenuity Pathway Analysis (IPA 4.0, Ingenuity Systems, www. Ingenuity.com). The input isoforms were mapped to IPA's knowledge bases, and the relevant biological functions, networks, and pathways related to the treatment of ASA, CUR, and their combination were identified.
Quantitative polymerase chain reaction (qPCR)
qPCR was used to validate selected differentially expressed genes observed in RNA-seq. After synthesis of first-strand cDNA from 500 ng of RNA using TaqMan Ò Reverse Transcription reagents (Applied Biosystems, Carlsbad, CA, USA), qPCR was performed using a QuantStudio TM 5 Real-Time PCR System (Applied Biosystems) with SYBR Green PCR Master Mix (Applied Biosystems). The results were normalized to the expression of Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) using the 2^À DDCT method.
All of the primers were designed and ordered from Integrated DNA Technologies (IDT, Coralville, Iowa, USA).
Statistical analysis
The data are presented as the mean ± SD. Comparisons among multiple groups were analyzed using one-way analysis of variance (ANOVA) with Tukey's multiple comparison test. The DAI data were analyzed with the repeated measure ANOVA method. A Pvalue less than 0.05 was considered statistically significant.
Results
Effects of ASA, CUR, and their combination on the prevention of colon tumorigenesis
The clinical symptoms of colitis were evaluated by recording the DAI during DSS treatment. It is widely accepted that the DAI is associated with colitis severity as well as erosions and inflammation [30] . As shown in Fig. 2A , the DAI score increased gradually in the model group, indicating elevated clinical colitis symptoms in the mice that received AOM/DSS treatment. Dietary administration of ASA (0.02%) slightly attenuated the increase in the DAI starting at day 5, whereas treatment of CUR (2%) and the combination (ASA 0.01% + CUR 1%) started to exhibit effective suppression of The experimental protocol for a chemoprevention study with ASA and CUR, alone or in combination, in AOM/DSS-induced C57/BL6 mice. Mice at 5 weeks of age were fed the AIN-93 M diet or this diet supplemented with 0.02% ASA, 2% CUR, or 0.01% ASA + 1% CUR until the end of the experiment. Mice in groups other than the control group received a subcutaneous injection of AOM at 10 mg/kg at the age of 6 weeks, followed by the administration of water containing DSS at 1.2% (w/v) for 7 consecutive days. Twenty-two weeks after AOM initiation, the mice were sacrificed for further analysis.
the DAI at day 4. Notably, the inhibitory effect of the combination treatment, although at only half the dose of the single compound, was statistically significant by repeated measure ANOVA.
We did not observe any noticeable body weight loss in mice fed the diet supplemented with ASA, CUR, or the combination compared with mice fed the control diet. Twenty-two weeks after the AOM injection, the tumors in the colon were carefully examined and recorded. As shown in Fig. 2B and C, 8 of the 15 mice in the model group developed tumors in the colon with a tumor multiplicity of 1.80 ± 0.60 tumors per animal, which is comparable to a previous publication with a similar experimental protocol in C57BL/6 mice [27] . Although mice fed the diet supplemented with ASA at the level of 0.02% developed slightly fewer tumors (1.33 ± 0.6 tumors per mouse), the tumor incidence was not decreased. Compared to the model group, dietary administration of CUR at 2% resulted in a lower tumor incidence as well as significantly decreased tumor multiplicity (0.40 ± 0.19 tumors per animal). The combination treatment with only half of the dose compared to the single treatment exhibited the lowest tumor incidence among the four experimental groups and resulted in significantly lower tumor multiplicity (0.41 ± 0.24 tumors in each mouse).
Hematoxylin and eosin staining showed that AOM/DSS-treated mice had severe colonic damage including crypt dysplasia, adenomas, and adenocarcinoma. Inflammation, an increased nucleus to cytoplasm ratio, nuclear crowding, mitosis, and nuclear hyperchromasia were observed in the adenomas (Fig. 2E ). Adenocarcinomas were associated with severe inflammation, infiltration of leukocytes into the lumen, the composition of cribriform glands, the loss of nuclear polarity to the basement membrane, nuclear hyperchromasia, and mitosis (Fig. 2F ). Although ASA (0.02%) treatment attenuated inflammation, hyperplasia and adenomas were observed (Fig. 2G) . CUR (2%) treatment and the combination treatment (ASA 0.01% + CUR 1%) suppressed inflammation severity and cancer lesions, and treated animals exhibited normal colon morphology ( Fig. 2H and I ).
Taken together, these results demonstrate that the dietary administration of CUR at 2% showed a superior inhibitory effect in colitis and colon tumorigenesis over ASA at 0.02%. The combination of ASA and CUR at only half of the dose effectively and significantly suppressed acute colitis and tumor growth in AOM/DSSinduced mice without affecting body weight. One of the limitations of our present study is that we did not include a group of animals administered with 1% CUR alone, thus it is possible that 1% CUR is more effective than 2% CUR. Several studies have indicated a dose-dependent effect of CUR in suppressing AOM-induced tumors. For example, 2% CUR exhibited superior effect in inhibiting AOM-induced ACFs than 0.2% CUR [31] and 2% CUR showed better inhibition of AOM-induced adenomas and adenocarcinomas than 0.5% CUR [32] . In addition, Pereira et al. reported that AOM-induced animals developed less adenoma upon treatment with 1.6% CUR than 0.8% CUR [16] . Therefore, we postulate that 1% CUR may not be as effective as 2% CUR and ASA increased the efficacy of CUR such that combination treatment with only half of the dose was effective as 2% CUR alone. Thus, combining these two compounds at a lower dosage may provide a promising effect in colon cancer prevention.
Top differentially expressed genes and canonical pathways affected in the model group compared to the control group
To understand the mechanisms underlying the carcinogenesis process from normal colonic tissue to tumor tissue, we compared the gene expression profiles of tumors induced by AOM/DSS in the model group to those of age-matched colonic tissue in the control group. We found that a total of 1291 differentially expressed genes showed a log2 fold change greater than 1 and an FDR less than 0.05. The top 10 down-regulated and up-regulated genes under this comparison are presented in Table 1 . The dramatic fold change of these genes (as low as 0.021-fold or as high as 389.9-fold) could be due to the different nature and cell populations of the tumor mass compared to those of normal colon tissue or to alterations triggered by AOM/DSS treatment. To understand the possible biological functions associated with these differentially expressed genes observed in the model group versus the control group, canonical pathway analysis in IPA was used. Based on the ratio of the number of differentially expressed genes in our dataset to the total number of reference genes in the corresponding pathways in the IPA knowledge bases, IPA utilized Fisher's exact test to determine the significant canonical pathways associated with differentially expressed genes observed from RNA-seq. Using a cutoff P-value less than 0.05, a total of 378 canonical pathways were identified as being significantly correlated with the alterations of gene expression in AOM/DSS-induced tumors compared to normal colonic tissue. Table 2 displays the 10 most significant pathways, their -log (P-value), the ratio of affected genes over total genes in that particular pathway, and the details of significant expressed genes in our dataset contained in that specific pathway. These results suggested that AOM/DSS-induced tumors displayed substantially differentially expressed genes with dramatic mRNA expression changes compared to age-matched normal colon tissue.
3.3. Overview of differentially expressed genes regulated by the treatment of ASA, CUR, and their combination compared to the model group To determine how ASA, CUR, and their combination exerted a preventive effect in AOM/DSS-induced CAC, we compared the global gene expression profiles of AOM/DSS-induced tumors to those treated by ASA, CUR, or their combination. A cut-off value of a log2 fold change greater than 1 and an FDR less than 0.05 were used to extract the differentially expressed genes. We identified 99 differentially expressed genes in the comparison of tumors from ASA 0.02% treated mice versus tumors from the model group (64 genes were up-regulated by ASA treatment, while 35 genes were downregulated by ASA treatment). We observed 189 genes with differential expression in comparison with tumors from CUR 2% treated mice versus tumors from the model group (108 genes were upregulated by CUR treatment, while 81 genes were downregulated by CUR treatment). The combination of ASA and CUR at only half the dose of the single compound was found to modulate more genes than ASA or CUR alone when compared to the model group. A total of 344 genes that showed significantly differential expression levels were identified (155 genes were up-regulated while 189 genes were down-regulated by combination treatment compared to the model group). This result indicated that dietary administration of CUR at 2% alone modulated a larger number of genes than ASA at 0.02%, whereas the combined treatment was able to regulate an even broader gene set. Of the genes increased by ASA, 56% (36/64) were also up-regulated by the combination of ASA and CUR (Fig. 3A) , whereas 74% (26/35) of the downregulated genes in tumors from ASA-treated mice were also decreased in the tumors from combination-treated animals (Fig. 3B) . However, the differentially expressed genes regulated by CUR treatment showed less commonality with those regulated by the combination treatment. As shown in Fig. 3A and B, only 22% (24/108) and 48% (36/81) of the up-regulated and down-regulated genes, respectively, also appeared in the subset of the differentially expressed genes regulated by the combination treatment.
In addition, we identified a total of 32 genes that appeared in all three treatment groups (ASA, CUR, and their combination) compared to the model group. Of the differentially expressed genes in these three groups, 81% (26/32) showed the same direction of regulation (either up-regulated or down-regulated). As shown in the heat map (Fig. 3C) , the color of the combination group was overall slightly brighter than that of the ASA and CUR groups, suggesting that combined treatment with ASA and CUR may regulate the expression of these shared genes at a higher fold change than treatment with the single compound. We randomly selected 6 genes from this set of shared genes and validated their expression in tumor samples from the model, ASA, CUR, and ASA + CUR groups using qPCR analysis. As shown in Fig. 4 , the fold change determined by qPCR (bar with black color) was consistent with that observed in RNA-seq (bar with white color) for all 6 selected genes, confirming the quantitative properties of the RNA-seq analysis used in this study. Furthermore, it was found that ASA at 0.02% and CUR at 2% could down-regulate the expression of Alb and Mfap4, and the combination treatment (ASA 0.01% + CUR 1%) resulted in the lowest expression of Alb and Mfap4 among the four groups. The mRNA expression of Krt36, Tacstd2, Hoxd10, and Hoxd13 was upregulated by treatment with ASA, CUR, or their combination compared with their levels in tumors in the model group, whereas the combination treatment was able to induce this mRNA expression to a slightly higher level than was induced by the single treatment. Altogether, these data showed that combination treatment with ASA and CUR at half of the dose of the single compound had an impact on more gene targets than ASA alone or CUR alone. In addition, for the gene sets regulated by all three treatments (ASA, CUR, and their combination), the combination treatment resulted in a slightly higher fold change than the single compound.
Top differentially expressed genes and canonical pathways modulated by ASA, CUR, and their combination
Upon further examination of the significant differentially expressed gene profiles of tumors treated by ASA, CUR, or their combination compared to those in the model group, we listed the top 10 down-regulated or up-regulated genes (ranked by fold change) for these three treatments, as shown in Tables 3 and 4 . A fold change lower than 1 indicated that the expression of the gene was decreased by this particular treatment compared to the expression in the model group, whereas a fold change higher than 1 suggested an elevated mRNA expression in tumors receiving that treatment compared to the expression with AOM/DSS alone. Interestingly, Alb was among the top 10 down-regulated genes in all the three comparisons (Table 3) , and its relative expression was only 0.185, 0.134, and 0.032 in tumors treated by ASA, CUR, and ASA + CUR, respectively (expression of Alb in AOM/DSS alone was set as 1). As shown in Fig. 4A , the expression of Alb was validated in tumor samples by qPCR analysis, confirming that its expression was decreased by these treatments and that the combination was able to decrease its expression to a higher magnitude. Similarly, Hoxd13 was among the top 10 up-regulated genes in all three comparisons (Table 4) , and its expression was 9.044-, 8.497-, and 18.126-fold higher in tumors treated by ASA, CUR, and the combination, respectively, compared to the expression in the model group, and this trend was also confirmed by qPCR analysis (Fig. 4F) .
Among the top 10 down-regulated genes in the ASA + CUR treated group, the expression of genes such as B3gnt6, Alb, Gpc3, Tmigd1, and Apol7e was more than 20-fold lower than that in tumors from the AOM/DSS group without any treatment. Similarly, the combined treatment with ASA and CUR increased the mRNA expression of Hoxd12, Klk15, Ltf, Cntn3, Krt5, and Shh by more than 20-fold compared to treatment with AOM/DSS alone. Because the combination treatment with ASA and CUR at half the dose of the single treatment effectively prevented colitis and colon carcinogenesis in our study, modulated broader targets, and induced/-suppressed genes at higher fold change, we continued to investigate the possible biological function and pathways that were influenced by the combination regimen. Similar to the canonical pathway analysis we performed using the contrast of the control versus AOM/DSS-induced tumors, we were also interested in finding the significant pathways associated with the alterations of gene expression in ASA + CUR-treated tumors versus those treated with AOM/DSS alone. We identified a total of 235 canonical pathways significantly associated with the differentially expressed genes in the combination compared to the model group, with a P-value less than 0.05. The top 10 most significant pathways are displayed in Table 5 . Interestingly, 6 of the top 10 pathways modulated by combination treatment compared to AOM/DSS alone, COL9A3,MMP13,COL8A1,IL1R2,TGFB1,LAMA1,SERPINE1,PDGFRB,TNFRSF11B,IL4R,COL4A1,  MYH14,MMP2,IGFBP5,PDGFB,MYL7,MYL9,ACTA2,IL10RA,COL6A5,TNF,CCR7,COL7A1,IGFBP4,  ICAM1,FN1,IL1RL1,EGF,CCL5,COL4A2,MYH11,PDGFC,COL15A1,PGF,COL1A2,NGFR,PDGFRA,LBP,  TNFRSF1B,COL18A1,VCAM1,COL5A2,COL12A1,FGF1,COL1A1,COL5A3, including hepatic fibrosis/hepatic stellate cell activation; agranulocyte adhesion and diapedesis; granulocyte adhesion and diapedesis; atherosclerosis signaling; LPS/IL-1 mediated inhibition of RXR function; and the role of macrophages, fibroblasts and endothelial cells in rheumatoid arthritis, were also recognized as the top 10 pathways associated with differentially expressed genes in AOM/DSS-induced tumors compared to normal colonic tissue. This finding may suggest that these pathways not only play an important role in the carcinogenesis process induced by AOM/ DSS but also contain the molecular targets potentially modulated by the combination treatment. Notably, some of the molecules in these pathways showed the opposite direction of change when contrasting the combination versus the model and the model versus the control group. For example, Mmp9 was significantly upregulated in AOM/DSS-induced tumors compared to its expression in normal tissue, whereas its expression was down-regulated in tumors from the combination treatment compared to that in AOM/DSS-induced tumors (Tables 2 and 5 ).
The subset of genes modified by AOM/DSS-induced tumors was also influenced by ASA+CUR
In light of the finding that some molecules in the shared pathways changed in the opposite direction, we further compared the significant differentially expressed genes in the following two data sets: the model versus the control and the combination versus the model groups. A total of 54 genes were found to be regulated by AOM/DSS and the combination treatment in the opposite direction (Fig. 5) . Specifically, 13 genes that were significantly downregulated by AOM/DSS alone (the expression in the control colon tissue was set to 1) were further up-regulated by the combination treatment when we set the expression in the AOM/DSS group to 1. Forty-one significantly up-regulated genes in tumors induced with AOM/DSS alone were decreased by the combined treatment of ASA + CUR. Thus, these 54 genes might represent a set of molecular targets that underlies the preventive action of the combination of ASA + CUR in the AOM/DSS-induced model.
Given the potential functional role of the set of genes presented in Fig. 5 , we randomly selected 14 genes and validated their expression using qPCR analysis. As shown in Fig. 6 , the trend of fold change determined by qPCR (black bar) was overall in accordance with the fold change observed by RNA-seq (white bar). Among these 14 genes, the relative mRNA expression of Hoxb13 and Ngfr was suppressed in AOM/DSS-induced tumors, whereas ASA + CUR treatment could alleviate this suppression. Furthermore, the mRNA expression of Ccl5, Esam, Fmod, Ggt1, Ltb, Mmp9, Alb, Mfap4, Sox18, Slc38a4, Gpc3, and Nos2 were all increased in AOM/DSSinduced tumors, although combined treatment with ASA + CUR could ameliorate this induction.
Discussion
In the present study, we investigated the preventive effect of dietary administration of ASA and CUR in AOM/DSS-induced CAC in C57/BL6 mice. Although oral feeding of CUR at a dose of 2% has been shown to prevent tumor formation in AOM-induced mice and Apc min/+ mice previously [14, 32] , our study provides the first evidence that dietary administration of CUR (2%) effectively suppresses tumor multiplicity and tumor incidence in inflammationrelated CRC induced by AOM/DSS (Fig. 2B and C) . However, to our surprise, ASA treatment in the current study in C57BL/6 mice was not as effective as in our recent study in AOM/DSS-induced CF-1 mice [12] . In addition, another recent study found that ASA at a similar dose failed to significantly inhibit the tumor number in AOM/DSS-induced Balb/c mice [33] . The discrepancy in the effect of ASA in these two previous studies and our current study could possibly be explained by the presence of strain differences in the susceptibility to AOM/DSS-induced colonic tumorigenesis [34] , suggesting that the chemopreventive effect of ASA in AOM/ DSS-induced CAC might be strain specific. Further studies comparing the preventive effect of ASA against CRC in different strains of animals and different ethnicities of patients should be considered.
The highlight of the current study is that we investigated the effect of concomitant administration of ASA and CUR in an AOM/ DSS-induced CAC model for the first time. Our results indicate that combined treatment with ASA and CUR is effective at reducing tumor incidence and tumor multiplicity (Fig. 2B and C) . Although mice in the combination group received a low dose of ASA (0.01%) and CUR (1%), the tumor incidence and multiplicity were similar to those for CUR alone at a higher dose (2%) and much lower than those for ASA alone at 0.02%. Notably, the equivalent human dose of the combinational treatment in the present study is approximately 55 mg/day ASA + 5.5 g/day CUR, which is more feasible and will possibly lead to less adverse effects from chronic use of ASA in humans compared to single treatment with ASA at 110 mg/day or CUR at 11 g/day. With the help of RNA-seq, we established, for the first time, a global transcriptome profile associated with ASA, CUR, and their combination in AOM/DSS-induced tumors. When comparing the gene expression profiles of tumors from these three treatment groups (ASA, CUR, and both) to those from AOM/DSS induction alone without any intervention, we found that the combination treatment, even at a lower dose, had an impact on a larger gene set (344 differentially expressed genes) than for ASA alone (99 differentially expressed genes) or CUR alone (189 differentially expressed genes) (Fig. 3A and B) . In addition, when we looked at a smaller set of significant differentially expressed genes modulated by all three treatment groups (ASA, CUR, and their combination), the combined treatment with ASA + CUR resulted in a slightly higher fold change than ASA alone or CUR alone (Figs. 3C and 4) . These results suggest that coadministration of ASA and CUR at a lower dose may provide a promising preventive regimen against CAC, possibility by targeting more molecular targets and magnifying the fold change of certain genes. Interestingly, other than the impact at the molecular level, Fig. 4 . Validation of the mRNA expression of selected genes regulated by ASA, CUR, or their combination compared to the model group. mRNA isolated from tumors in mice from the model, 0.02% ASA, 2% CUR, and 0.01% ASA + 1% CUR groups was subjected to qPCR analysis. Black bar: the qPCR results are presented as the fold change compared with the model group using Gapdh as the endogenous control. White bar: fold change from the RNA-seq analysis. The data are presented as the mean ± SD (n = 2).
as we showed in the current study by combination of ASA and CUR, a previous study reported that the stability of CUR could be improved in the presence of ASA, whereas the stability of ASA was not affected by the presence of CUR [35] . In addition, the cellular uptake of CUR and the cytotoxicity of CUR in HCT116 cells could be enhanced when incubated with ASA [35] . Moreover, it was postulated that the acidic properties and antioxidant potential of ASA could provide favorable conditions for stabilizing CUR and prevent the degradation of CUR [36] . Therefore, further studies should be carried out to determine if co-administration of ASA and CUR could enhance the absorption and half-life of CUR in humans.
In addition to investigating the effect of the chemopreventive agents ASA, CUR, and their combination in the AOM/DSS-induced CAC model, the present study also aimed to identify the global profile of gene expression changes related to AOM/DSS-induced tumors. The top-ranked genes with decreased or increased expression that are listed in Table 1 may provide novel insight to facilitate the discovery of critical genes driving the carcinogenesis process in AOM/DSS-induced CAC as well as potential therapeutic targets and biomarkers for the prevention of CAC. For example, the expression levels of two matrix metalloproteinases [MMP7 (fold change = 389.9) and MMP10 (fold change = 91.5)] were dramatically up-regulated in AOM/DSS-induced tumors compared to the levels in normal colonic tissue (Table 1) . MMPs comprise a large family of zinc-dependent endopeptidases that are involved in the physiological and pathological remodeling of the extracellular matrix in proliferation, angiogenesis, tumor invasion, and metastasis [37] . However, their function in inflammation-associated colorectal cancer remains largely unknown. Our observation of increased expression of MMP7 in tumors from AOM/DSS-treated mice was in accordance with various previous studies showing that MMP7 is overexpressed in advanced stages of CRC [38] and is a potential prognostic marker [39, 40] . On the contrary, the function of MMP10 in CRC is more ambiguous. Although the overexpression of MMP10 in the serum of CRC patients is considered to be a prognostic marker [40] and the expression of MMP10 is upregulated in DSS-induced colitis in mice [41] , MMP10 knockout mice develop more severe colitis after DSS exposure, suggesting that MMP10 may play a beneficial role in favor of colitis resolution [41] . Our results show for the first time that MMP10 is dramatically elevated in AOM/DSS-induced tumors; however, the mechanisms underlying the role of MMP10 in tumorigenesis and metastasis require further investigation. In addition, chemokine (C-X-C motif) ligand 6 (CXCL6) is another target that showed significantly higher expression in tumors than in normal tissue (fold change = 181.9, Table 1 ). CXCL6 belongs to the family of ELR + CXC chemokines that play important roles in the activation and recruitment of neutrophils at sites of inflammation [42] , and CXCL6 has been shown to be overexpressed in the inflamed tissue of IBD patients [43] . Nevertheless, Rubie et al. found that although other members of the ELR + CXC chemokine family (CXCL1 and CXCL5) were up-regulated in colorectal adenoma and carcinoma tissue specimens, the expression of CXCL6 was not significantly altered [44] . Thus, it is possible that CXCL6 only plays a pivotal role in CRC associated with IBD instead of hereditary CRC, but this hypothesis requires further investigation. Furthermore, a member of the carbonic anhydrases, CA III, was shown for the first time to be down-regulated in AOM/DSS-induced tumors (fold change = 0.028, Table 1 ). CA isozymes have been considered to be important players in maintaining the pH homeostasis in tumors and thereby modulate the behavior of cancer cells. Among these isozymes, CA I, II, IV, VII, and XIII were implicated as potential tumor suppressors in CRC with down-regulated expression in CRC specimens compared to normal tissue [45] [46] [47] . Specifically, it was found that promoter hypermethylation may contribute to the silence of CA IV in CRC, where its tumor suppressor action involves the inhibition of the Wnt signaling pathway [46] . The expression of CA III may be associated with the invasiveness and metastasis of liver cancer [48] ; however, its role in CRC has not yet been investigated. Based on our current observation that the expression of CA III was down-regulated in AOM/DSS-induced tumors, the tumor suppressive potential of CA III and the mechanism leading to the inactivation of CA III in CAC should be explored in human specimens. Our canonical pathway analysis highlighted ''Hepatic Fibrosis/ Hepatic Stellate Cell Activation" as the most significantly regulated pathway influenced by AOM/DSS-induced tumors (Table 2) . Interestingly, this pathway was also recognized as the most significant pathway containing the differentially expressed genes regulated by ASA + CUR compared to the model group (Table 5) . Hepatic stellate cells (HSCs) are considered to be critical players in colon cancerinduced liver metastasis. It was found that colonic tumor-derived factors lead to the activation of HSCs in the liver, and in turn, activated HSCs promote hepatic fibrosis and produce cytokines, chemokines, and matrix-degrading MMPs to enhance metastatic growth in the liver [49] . Our results show that up-regulation of cytokines (such as CCL5, IL1B, and TNF), growth factors (such as PGF and TGFB1), and MMPs (such as MMP2, MMP9, and MMP13) in colonic tumors may be involved in the activation of HSCs in the liver in AOM/DSS-induced CAC. In addition, concomitant administration of ASA and CUR significantly down-regulated the expression of CCL5 and MMP9, which showed elevated expression in AOM/DSS-induced colonic tumors in the hepatic fibrosis/HSC activation pathway. However, our current study did not examine the effects of ASA, CUR, or their combination on the inhibition of colon cancer-induced liver metastasis, which may be worth investigating in the future. Other canonical pathways worth noting are the ''Agranulocyte Adhesion and Diapedesis" and ''Granulocyte Adhesion and Diapedesis" pathways. These two pathways are associated with the migration of leukocytes and immune cells from the vascular system to sites of inflammation. Our results suggested that these two pathways were the top significant pathways involved in AOM/DSS-induced colonic tumorigenesis and contain the molecular targets that underlie the preventive action of the combined treatment of ASA and CUR (Tables 2 and 5 ). Further research is warranted to understand the pivotal role of agranulocytes, granulocytes, and their mediators in the constitution of the tumor microenvironment during the progression of CAC and how the combination of ASA and CUR suppresses CAC by modulating the infiltration of these inflammatory cells.
Additionally, we identified a subset of 54 differentially expressed genes as the potential molecular targets underlying the protective action of the concomitant administration of ASA and CUR in AOM/DSS-induced CAC. Among these genes, the overexpression of 41 genes was found in AOM/DSS-induced tumors, while their expression was down-regulated by ASA + CUR (Fig. 5) . Some of these genes, such as REG3A [50] , MMP9 [51] , NOS2 [12] , CCL5 [52] , LTB [53] , DUOXA2 [54] , and BST2 [55] , were also found to be overexpressed in AOM/DSS-induced CAC, CRC specimens, or CRC cell lines in previous reports, and inhibition of these targets has been implicated as a promising therapeutic strategy in CRC. On the contrary, 13 genes were identified with a decreased expression in tumors from the model group, and their expression was restored by the combination of ASA and CUR (Fig. 5) . Some of these genes, such as HOXB13 [56] and NGFR [57] , have been suggested to be tumor suppressors with diminished expression in CRC in previous studies. The modulation of the genes listed in Fig. 5 , except for MMP9 and NOS2 [12] , following treatment with ASA, CUR, or the combination of ASA and CUR has not been investigated previously. However, we also noticed that the alterations of several genes in our list were not in accordance with previous reports. For example, ANO1, a gene with decreased expression in AOM/DSS-induced tumors in our study, was reported to be overexpressed in CRC cell lines [58] . In addition, GPX3 expression was increased in tumors from the model group, whereas Barrett et al. showed that GPX3 was down-regulated in AOM/DSS-treated mice [59] . Although further detailed mechanistic studies are needed, our current study provides a novel list of genes that may be responsible for the preventive effect of concomitant administration of ASA and CUR in AOM/DSS-induced CAC. Unlike the 54 genes regulated by AOM/DSS versus the ASA/CUR combination treatment displayed opposite direction, we observed 104 genes showed same direction of regulation by AOM/DSS and the combination treatment (data not shown). Interestingly, several tumor suppressor genes were in this set of genes and their expression was down-regulated by AOM/DSS and concomitant administration of ASA and CUR could further decrease their expression in tumors. For instance, the relative expression of CDX2 (a widely known tumor suppressor gene [60] , with decreased expression in $30% human CRC [61] ) was 0.48 in AOM/DSS-induced tumors and 0.05 in tumors from combination group (the expression of CDX2 in control group was set as 1). The inhibition of these tumor suppressor genes by the combination treatment may be one of the reasons for the tumor growth in the presence of these chemopreventive agents ASA/CUR. In addition, the expression of several membrane transporters in tumors was altered by the combination of ASA and CUR, which could change the influx or efflux of the chemopreventive agents in tumor cells. The altered expression of transporters could also influence the uptake of essential nutrients There were 13 genes that were down-regulated in the model group compared to the control group, and their expression was up-regulated by the combination of ASA and CUR. There were 41 genes that were up-regulated in the model group compared to control group, and their expression was down-regulated by the combination of ASA and CUR.
for tumor growth and survival, therefore making the tumors resistant to ASA and CUR and leading to the tumor growth in the presence of chemopreventive agents.
In summary, our study is the first to show that concomitant administration of ASA 0.01% + CUR 1% effectively attenuates tumor growth in the AOM/DSS-induced CAC model. Our results provide a quantitative gene expression profile of AOM/DSS-induced tumors as well as tumors from mice treated with ASA, CUR, and their combination at half of the dose. Furthermore, a small set of genes was postulated as potential molecular targets involved in the action of ASA + CUR in the prevention of AOM/DSS-induced CAC. These findings provide novel insights that further the understanding of the carcinogenesis of inflammatory CRC as well as the mechanisms underlying the preventive effect of ASA and CUR in CAC.
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